1 2 Genome-wide sequence information reveals recurrent hybridization among diploid 3 wheat wild relatives 4 5 Abstract: Many conflicting hypotheses regarding the relationships among crops and wild species 20 closely related to wheat (the genera Aegilops, Amblyopyrum, and Triticum) have been postulated. The 21 contribution of hybridization to the evolution of these taxa is intensely discussed. To determine 22 possible causes for this, and provide a phylogeny of the diploid taxa based on genome-wide sequence 23 information, independent data was obtained from genotyping-by-sequencing and a target-enrichment 24 experiment that returned 244 low-copy nuclear loci. The data were analyzed with Bayesian, likelihood 25 and coalescent-based methods. D statistics were used to test if incomplete lineage sorting alone or 26 together with hybridization is the source for incongruent gene trees. Here we present the phylogeny of 27 all diploid species of the wheat wild relatives. We hypothesize that most of the wheat-group species 28 were shaped by a primordial homoploid hybrid speciation event involving the ancestral Triticum and 29 Am. muticum lineages to form all other species but Ae. speltoides. This hybridization event was 30 followed by multiple introgressions affecting all taxa but Triticum. Mostly progenitors of the extant 31 species were involved in these processes, while recent interspecific gene flow seems insignificant. 32 The composite nature of many genomes of wheat group taxa results in complicated patterns of diploid 33 contributions when these lineages are involved in polyploid formation, which is, for example, the case 34 in the tetra-and hexaploid wheats. Our analysis provides phylogenetic relationships and a testable 35 hypothesis for the genome compositions in the basic evolutionary units within the wheat group of 36 Triticeae. 37 38
114
Target-enrichment and Illumina sequencing resulted in 140 million raw reads and 116 million reads 115 after quality filtering. On average 6% of the reads mapped to the chloroplast genome. Of the 451 loci, 116 25 (5%) were not sufficiently captured (i.e. not captured in most taxa) and were excluded from further 117 analyses. The capture efficiency was usually taxon/accession independent, indicating no (strong) 118 influence of probe design on the capture efficiency (Table S1 , Table S2 ). The sequences retrieved for 119 the 426 well captured nuclear loci were combined into multiple sequence alignments. Visual 120 inspection of these alignments often showed genus-or species-specific patterns of ambiguous 121 positions. Allelic diversity is assumed to be much lower than 1%. This threshold was set based on a (Table S3 ). An average of 129 more than 1% of ambiguous sites in more than five species was detected for 62 (~15%) captured loci.
130
These loci were considered as mainly multi-copy and excluded from further analyses. Moreover, very 131 short or not variable loci were excluded. The median of the mean coverage for the 244 remaining loci 132 was 25X. Large deviations in the mean coverage result from the actually achieved sequencing depth 133 (Table S4a ). The loci used for phylogenetic inference had on average a length of 2,278 bp, 43% of 134 non-variable sites and a pairwise-identity of 88% (Table S4b ). Concatenation of the 244 nuclear loci 135 in a supermatrix resulted in an alignment with a total length of 555,543 bp.
137
Phylogenies based on target-enrichment data 138 Supermatrix approach -The first step of our analysis procedure was to use DNA sequences of nuclear 139 genes enriched through hybridization probes for Illumina sequencing to infer phylogenetic 140 relationships from quality filtered alignments. In addition to the wheat group taxa, we included four 141 diploid species as outgroups representing the barley genus Hordeum (Table S5) 2018) failed to infer networks from our entire sequence data. We, therefore, used different strategies 204 of data partitioning by reducing the number of individuals or loci. However, these approaches gave 205 incoherent results across replicates (not shown).
206
Nevertheless, we were able to obtain phylogenetic networks from the 244 gene tree topologies under 207 the multispecies network coalescent (MSNC) using maximum pseudo-likelihood as implemented in 208 PHYLONET (Yu and Nakhleh 2015). We allowed for zero to five reticulations ( Fig. S7a-f ). If no 209 hybridization was assumed, the tree with the best log pseudo-likelihood (-7,617,218) had a topology 210 similar to the one obtained via ASTRAL ( Fig. 1A, S4 ). However, poorly supported clades were 211 dissolved resulting in a grade with Triticum as sister to the rest of the species, Am. muticum and Ae. 245 muticum). In total 140,072 loci having 444,618 phylogenetic informative sites were kept for 246 downstream analysis when specified that at least four individuals had to share a locus (Table S6 ). 258 Even though Zhu and Nakhleh (2018) developed a method (i.e. MLE_BiMarkers) able to deal with 259 more than 50 taxa and four hybridizations using bi-allelic markers under the maximum pseudo-260 likelihood, we could not process our dataset in a reasonable timeframe (i.e. analyses did not finish 261 within 30 days). We assume that the complexity of the relationships, including putative nested 262 hybridization and introgression events ( (Fig. S10) . Taeniatherum caput-medusae 277 then was used as outgroup for all following tests as no hybridization signal was found. A total of 220 278 tests were performed of which 64 were significant (p value < 0.05 after Benjamini-Yekutieli 279 correction) with D statistics ranging between 0.10 and 0.33 (Fig. 3 , Table S7 ). All species were 280 involved in potential hybridizations. The strongest signal revealed a relationship between both 281 Triticum species and Ae. markgrafii/Ae. umbellulata, and to a lesser extent Ae. comosa/Ae. uniaristata 282 and Ae. tauschii. A similar, though weaker, pattern was also found for Am. muticum. Aegilops 283 markgrafii also showed a strong tie with the members of sect. Sitopsis* (S). This analysis also 284 confirmed the strong and exclusive relationships between Ae. speltoides and the latter. (Table S7 ; Fig. 4) . Overall, the relationships inferred are similar to the ones 294 identified by the ABBA-BABA test ( Fig. 3; Table S6 ), however, directions of gene flow could be 295 inferred for nine relationships (11 tests). A large proportion of tests (42) revealed undirected patterns 296 involving three taxa indicative of complex or ancient introgressions, or reciprocal gene flow.
297
Evidence of introgression/hybridization was found for all species (Fig. 4a-k) , with a low number of 298 significant tests involving Ae. uniaristata and Ae. umbellulata (Fig. 4e-f ) and a high number involving 299 Ae. markgrafii and Ae. longissima (Fig. 4g and 4k ). This analysis confirms the close relationships 300 between the members of sect. Sitopsis* (S) and Ae. speltoides (B), but, in contrast to the network 301 inferred with PHYLONET (Fig. 2) , D FOIL identifies gene flow from S to B (Fig. 4b ). Among the 302 members of sect. Sitopsis*, Ae. longissima (Sl) appeared as a major introgressor of B but also of Ae. 303 comosa (M), Ae. markgrafii (C), and Ae. tauschii (D) (Fig. 4k ). This may explain the high number of 304 tests returning undirected signal involving those four species. The close relationship between Triticum 305 species and the CUMND clade was confirmed although no direction could be inferred (Fig. 4c ). This 306 analysis also suggests that Am. muticum was affected by gene flow from Ae. comosa and Ae. tauschii 307 ( Fig. 4a ).
309
Homoploid hybrid speciation and major introgressions 310 In the following, we describe our hypothesis for the evolution of WWR (Fig. 5) . Overall, the scenario 311 inferred is similar to the one identified by Glémin et al. (2019) . Nonetheless, as we did not focus on 312 identifying the progenitors of the "D-genome lineage" we are able to propose a more complete 313 picture. However, as the relationships we identified are highly reticulate, there are partly alternative 314 scenarios possible. We limit our interpretation to the most strongly supported relationships to avoid 315 false positives (Eaton et al. 2015) .
316
As our phylogenetic analyses revealed the monophyly of all species we are certain that hybridizations 317 and introgressions involved mainly ancestral taxa and not the extant species. Our results suggest that 318 there are different groups of taxa, i.e. lineages that introgressed others, lineages that are recipients of introgressions from one or several taxa and/or lineages that originated via homoploid hybrid 320 speciation.
321
We hypothesize that most of the wheat-group species were shaped by a primordial homoploid hybrid 322 speciation event, i.e. that the Triticum lineage merged with the ancestor of Am. muticum to form all 323 other species but Ae. speltoides. This hybridization event was followed by multiple introgressions 324 affecting all taxa but Triticum. In contrast to Glémin et al. (2019), we do not find an introgression of 325 Triticum into Am. muticum, instead our results indicate that Am. muticum may have been introgressed 326 by Ae. umbellulata or the common ancestor of the CUMND clade (Fig. 4a, S7d ). Previously 
331
For Ae. speltoides (B) conflicting results were obtained with either sect. Sitopsis* (S) being 332 introgressed by B (Fig. 2) or the other way around (Fig. 4b ). This suggests that either reciprocal gene 333 flow occurred between those species or that at least one of the applied methods revealed false (Table S1 , Figure S1 ). The total exonic 419 sequence information considered in bait design amounts to 690 kb. Custom PERL scripts were used to 420 design bait sequences that were submitted to the web-based application eARRAY (Agilent 421 Technologies). A detailed description of the bait design can be found in the Supplementary 422 Information (SI) Material and Methods.
For each of the selected 69 samples (Table S5) (Table S5) (Table S3 ). Then, the loci 449 found to be mainly low-copy-number loci were kept and selected for a refined assembly procedure if 450 they had a length of at least 1000 bp, contained less than 25% of missing data and at least 15% of used to call a consensus sequence that represented all diversity within the species. Therefore, we used 546 the "0% identical" threshold in GENEIOUS that minimizes the number of ambiguities. A custom 547 workflow in GENEIOUS was used to create datasets of five species including Ta. caput-medusae as 548 outgroup. For all tests, we made sure that the estimated divergence times fit the assumptions of the 549 program, i.e. that P1 and P2 diverged after P3 and P4 in forward time, by excluding all tests that 550 raised the warning "b" (Table S8 ). We also used a feature of D FOIL , i.e. D FOIL alt, that excludes single 551 derived-allele count for tests with an error warning "c" (Table S8) 
